Four research-based insights are essential to understanding forest bioenergy and "carbon debts." (1) As long as wood-producing land remains in forest, long-lived wood products and forest bioenergy reduce fossil fuel use and long-term carbon emission impacts. (2) Increased demand for wood can trigger investments that increase forest area and forest productivity and reduce carbon impacts associated with increased harvesting. (3) The carbon debt concept emphasizes short-term concerns about biogenic CO 2 emissions, although it is long-term cumulative CO 2 emissions that are correlated with projected peak global temperature, and these cumulative emissions are reduced by substituting forest bioenergy for fossil fuels. (4) Considering forest growth, investment responses, and the radiative forcing of biogenic CO 2 over a 100-year time horizon (as used for other greenhouse gases), the increased use of forest-derived materials most likely to be used for bioenergy in the United States results in low net greenhouse gas emissions, especially compared with those for fossil fuels.
A large and rapidly growing body of research focuses on the greenhouse gas (GHG) impacts of using forest bioenergy to substitute for fossil fuel and wood building products to substitute for concrete and steel, materials that require greater amounts of fossil fuel to produce than wood products. Forest bioenergy research on GHG impacts, especially from carbon dioxide (CO 2 ), sometimes produces widely varying and occasionally contradictory results. Differences can usually be explained by understanding the data used, the scenarios examined, the analytical framework employed, and the assumptions used in the analyses (e.g., see Cherubini et al. 2009, Lamars and Junginger 2013) . In this review, we examine research on the GHG impacts of energy derived from forest biomass, which, for the purposes of this review, includes all parts of the tree, living and dead. The objective is to reveal insights that allow improved interpretation of research in this area. Our review is focused on the accounting for biogenic carbon and biogenic CO 2 and the potential impacts of CO 2 on global temperatures. Other concerns related to elevated atmospheric CO 2 (e.g., ocean acidity)
are not addressed. GHGs other than CO 2 are discussed where relevant. This review does not address other aspects of using forest biomass for energy, such as the ecological implications of more intensive management for production of forest biomass. A number of potential issues have been identified regarding the sustainability of forest biomass removal including ecosystem structure, nutrient and carbon balances, biodiversity, and aquatic system impacts (e.g., see Berger et al. 2013) . Biomass harvesting guidelines that attempt to address such issues are being developed (Evans et al. 2013a) .
A Brief Review of the Research and Debate about GHG Benefits of Forest-Derived Energy
A review of research on GHG impacts of forest bioenergy reveals a 25-year transition from work that created a basic understanding of the life cycle benefits of displacing fossil fuels with forest biomass, to research focused on the timing of these benefits, and finally to research demonstrating the importance, in many settings, of markets and investment responses to the GHG mit-igation benefits of forest bioenergy and the timing of those benefits.
Research on GHG mitigation benefits of forest bioenergy and the timing of those benefits extends back to at least the late 1980s (e.g., see Marland 1989) . By 1990, in its First Assessment Report, the Intergovernmental Panel on Climate Change (IPCC) 1 had identified a number of "short-term" forest-based options for limiting GHG emissions, including, Partially replac [ing] fossil energy sources [with] sustainably managed sources of biomass which would reduce net emissions of additional CO 2 (IPCC 1990, p. 80) In the 1990s, Marland and Schlamadinger Marland 1996, Marland and Schlamadinger 1997) researched the temporal dynamics of forest systems to store carbon and to produce wood to displace fossil fuels either directly, via use as fuels, or indirectly, via displacement of more fossil fuel-intensive products. A key finding from their work was that
The relative effectiveness of alternative forest and bioenergy strategies and their impact on net C [carbon] emissions strongly depend, for example, on the productivity of the site, its current usage, and the efficiency with which the harvest is used (Schlamadinger and Marland 1996, p. 275) They also highlighted the importance of C sequestration as a function of time. In some…scenarios, biofuels strategies result in long-term benefits in net C fluxes despite small or negative benefits in the early stages (Schlamadinger and Marland 1996, p. 294) Thus, by the mid-1990s, although the term "carbon debt" had not yet been coined, the concept was clearly understood, i.e., as a situation in which net emissions increase in the short term before long-term benefits are realized.
Through the 1990s and into the early 2000s, research into the mitigation potential of forests and forest-derived products expanded enormously. In the Fourth Assessment Report issued in 2007, IPCC synthesized research on the use of forests and forest products for GHG mitigation and concluded that
In the long-term, a sustainable forest management strategy aimed at maintaining or increasing forest carbon stocks, while producing an annual sustained yield of timber, fiber or energy from the forest, will generate the largest sustained mitigation benefit. Most mitigation activities require up-front investment with benefits and co-benefits typically accruing for many years to decades (Nabuurs et al. 2007, p. 543) The timing of impacts and benefits was characterized in a general way with a graphic depicting the benefits from using forest-derived materials as being sustained, repeatable, and ongoing (Nabuurs et al. 2007, p. 550) . Other than a brief mention of the use of purpose-grown plantation wood for energy, the IPCC 2007 report did not specifically address the use of industrial roundwood for energy. Instead, it highlighted forest-related fossil fuel displacement opportunities from using forest residues for fuel and using wood to displace more fossil fuelintensive building materials (Nabuurs et al. 2007) .
In 2012, IPCC released a report on renewable energy (IPCC 2012) . In the chapter dealing with biomass energy, IPCC reiterated the findings of earlier assessments while elaborating on the conditions needed to ensure benefits from biomass energy; namely, sustainable production, efficient utilization, and retaining or increasing land-based carbon stocks.
In the early 2000s, a number of developments led to growing anxiety about the extent to which whole trees might be used for energy and the effects this would have on forests and wood markets. In the United States, there was a flurry of activity on Renewable Portfolio Standards (RPS), with 18 states launching or modifying programs between 2004 (Wiser et al. 2007 ). In the European Union (EU), subsidies were already in place to encourage the use of renewable energy, including biomass (International Energy Association 2014), and in 2009 an EU-wide program was established under the Renewable Energy Directive (RED), requiring 20% of the energy consumed in the EU to be renewable by 2020 (EU 2009). As the RED was being crafted, the European paper industry conducted a study demonstrat[ing] that achieving the target of generating 20% of Europe's energy from renewable sources by 2020…would create a shortfall in the supply of wood from EU forests (Confederation of European Paper Industries 2007, p. 2) As the EU demand for wood fuel increased, some of the supply came from outside of the EU. Wood pellets were often favored because they ship well and can be burned without major modifications to boilers. Much of the import demand for pellets has been satisfied by North America. Pellet exports to Europe more than doubled from 2011 to 2013, with the US South accounting for 63% of the North American export volume (Wood Resources International 2014) . Feedstocks for pellets include not only residual materials but also small roundwood (Spelter and Toth 2009) .
Increased interest in liquid biofuels in the United States under the updated Renewable Fuel Standard (40 CFR 80 subpart M) and in the EU under new sustainability criteria (EU 2009) focused attention on the GHG attributes of liquid biofuels. Several researchers pointed out the potential for a considerable carbon debt if the feedstocks for liquid biofuels were produced under conditions that caused large losses in ecosys-
Management and Policy Implications
Wood products and energy resources derived from forests have the potential to play an important and ongoing role in mitigating greenhouse gas (GHG) emissions. The methods used to characterize the mitigation benefits of using biomass for energy, however, are being debated without considering some key insights from published research studies. Many recent proposals for biogenic carbon accounting are based on a narrow analysis of the short-term and direct GHG emissions impacts of using forest biomass. This review suggests that a broader view of forest-based activities is needed. Of particular importance to understanding the emissions impacts of increased use of biomass from forests are fossil fuel substitution effects, markets for wood, causes for ongoing gains and losses in forest area and forest carbon, landowners' motivations, benefits and timing of investments in forestry, and the warming impact of near-term and long-term increases in CO 2 emissions. Studies that consider forest growth dynamics, landowner investment responses, and the warming impacts of biogenic CO 2 over a time horizon consistent with that used for other GHGs reveal low warming impacts from biogenic CO 2 associated with increased use of the types of forest biomass most likely to be used for energy in the United States. Such studies also show, for roundwood in particular, the importance of investment responses in contributing to low net emissions.
tem carbon stocks, e.g., via deforestation (Fargione et al. 2008 , Gibbs et al. 2008 .
Concerns about deforestation and the prospect of roundwood used as fuel caused a reassessment of the methods used to calculate the carbon benefits of biomass fuels. In 2009, a Policy Forum contribution in the journal Science attracted headlines when it suggested that a lack of attention to the timing of benefits from biomass energy, landuse change, and international transfers of carbon had created a "critical climate accounting error" (Searchinger et al. 2009 ).
In the United States, the search for options to meet RPS led to additional scrutiny of the GHG benefits of forest bioenergy. In 2010, the Manomet Report was released. It was later summarized in the peer-reviewed literature (Walker et al. 2013) . Manomet examined a range of scenarios for producing forest bioenergy in Massachusetts. The forest bioenergy systems showed net benefits with lag times ranging from a few years to many decades, depending on the type of biomass used (residuals or roundwood) and the fossil-fuel energy system being displaced. Based on the modeling framework, scenarios, and assumptions used in the analysis, the times required to show net benefits from using whole trees to displace fossil fuel were calculated to be 45-75 years, prompting an Associated Press headline "Wood Worse Polluter Than Coal" (LeBlanc 2010) .
The studies that have captured headlines, however, represent only a small fraction of the work that has been, and is still being, performed to understand the GHG impacts of using biomass for energy. Many of the studies now being done represent elaborations on the initial findings from the work in the 1990s in that they focus on direct carbon impacts and show net GHG benefits from using forest-derived biomass for energy, with the time required to see benefits ranging from zero years to many decades and sometimes longer (e.g., see McKechnie et al. 2011 , Lippke et al. 2012 , Mitchell et al. 2012 , Zanchi et al. 2012 , Agostini et al. 2013 , Lamars and Junginger 2013 .
Most recently, IPCC reviewed the current state of knowledge on biomass energy in the IPCC Fifth Assessment Report ). This material expands on the findings of the Fourth Assessment Report by examining the many factors that affect the net GHG benefits of biomass energy. It states that Bioenergy could play a critical role for climate change mitigation, if conversion of high carbon density ecosystems (forests, grasslands and peatlands) is avoided and best-practice land management is implemented (Smith et al. 2014, p. 6) Well-established findings regarding the timing of benefits from forest-based energy are reiterated in the report in a statement indicating that …in the specific case of existing forests that may continue to grow if not used for bioenergy, some studies employing counterfactual baselines show that forest bioenergy systems can temporarily have higher cumulative CO 2 emissions than a fossil reference system… (Smith et al. 2014, p. 89) The report highlights the low life cycle GHG emissions associated with biomass energy produced from residues and fast-growing tree species. Also noted are (1) the importance of combined biomass energy and carbon storage and sequestration systems for meeting long-term emissions targets, (2) the life cycle GHG benefits of sustainably produced long-lived wood products, (3) the variable timing in forest-based mitigation, and (4) the need for active forest management, especially in developed countries where the forest carbon sink is declining as forests mature. In discussing the role of market forces, IPCC notes that growing markets for tree products can provide incentives for maintaining or increasing forest stocks and land covers, and improving forest health through management (Smith et al. 2014, p. 93) At the same time, the report and annex note the need for attention to a range of issues to ensure the overall sustainability of forest-based mitigation activities. Among these issues are competition for land, water availability, biodiversity, and land tenure and land-use rights .
Whereas much of the research since the 1990s extends the life cycle and carbon debt analyses to new materials and scenarios, some of the more recent research uses a broader, integrated assessment approach that includes market dynamics. This allows insights into the factors contributing to the size and timing of benefits from forest bioenergy. Relying on both old and new research, we have identified four important insights related to the GHG impacts of forestbased energy systems. These insights are not intended to replace the many studies that have been performed on this topic but rather to assist in their interpretation. These four insights speak to (1) the consensus on longterm GHG benefits associated with using sustainably produced wood (meaning, in this context, wood produced under conditions ensuring sustained yields while land remains in forest), (2) the importance of wood markets in achieving near-term and longterm GHG benefits from forests, (3) the need to evaluate carbon debt in a framework that also considers drivers of projected peak global temperatures, and (4) the need to evaluate biogenic CO 2 emissions using metrics that are consistent with those used for other GHGs and that reflect forest and market dynamics. Several of these insights involve timing of benefits and emissions. Regarding the discussion of timing in the following material, "near term" means a few decades or less and includes immediate impacts, whereas "long-term" generally means longer than a few decades. Not all of these insights are recent, but all are important to understanding the factors affecting GHG emissions impacts associated with increased use of forest biomass for energy and interpreting studies that attempt to characterize these impacts.
Research Insight 1
As long as land remains in forest, longterm carbon mitigation benefits are derived from sustainably managed working forests that provide an ongoing output of wood and other biomass to produce long-lived products and bioenergy, displacing GHG-intensive alternatives.
Although the timing of benefits from substituting sustainably produced forestbased fuels and products for more GHGintensive alternatives is sometimes debated (Biomass Energy Resource Center [BERC] 2012, Mitchell et al. 2012 , Walker et al. 2013 , the fact that these ultimate benefits exist is not. Agreement on this issue is based on an extensive body of research, dating at least to the mid-1990s Marland 1996, Marland and Schlamadinger 1997) , and reinforced by many more recent studies and reviews. Two types of substitution effects have been the most researched: forest-based energy as a substitute for fossil fuels (Nabuurs et al. 2007 , Kirkinen et al. 2008 , Nicholls et al. 2008 , Bauen et al. 2009 , Cherubini et al. 2009 , Jones et al. 2010 , Malmsheimer et al. 2011 , McKechnie et al. 2011 , Daigneault et al. 2012 , Gaudreault et al. 2012 , IPCC 2012 , Lippke et al. 2012 , Mitchell et al. 2012 , Nepal et al. 2012 , Repo et al. 2012 , Zanchi et al. 2012 , Agostini et al. 2013 , Gaudreault and Miner 2013 , Lamars and Junginger 2013 , White et al. 2013 , Dwivedi et al. 2014 ) and the use of wood-based building materials in place of alternatives (Perez-Garcia et al. 2005 , Nabuurs et al. 2007 , Upton et al. 2008 , Oneil and Lippke 2010 , Sathre and O'Connor 2010 , Malmsheimer et al. 2011 .
In considering the timing of fossil fuel substitution benefits, the International Energy Agency observed that Land suitable for producing biomass for energy can also be used for the creation of biospheric carbon sinks. Several factors determine the relative attractiveness of these two options [i.e., creating sinks or producing biomass energy], in particular land productivity, including co-products, and fossil fuel replacement efficiency…. A further influencing factor is the time scale that is used for the evaluation of the carbon reduction potential: a short time scale tends to favor the sink option, while a longer time scale offers larger savings as biomass production is not limited by saturation but can repeatedly (from harvest to harvest) deliver GHG emission reductions by substituting for fossil fuels (Bauen et al. 2009, p. 14) Scientific consensus on the long-term benefits of managed forests and of sustainably produced forest products and fuels led the IPCC to highlight, as noted above, the sustained GHG mitigation benefits from using sustainably produced forest biomass (Nabuurs et al. 2007, p. 543) . More recently, this conclusion has been echoed in the findings of Ryan et al. (2010) . Based on an extensive literature review, they concluded that strategies that combine increased use of forest products to offset fossil fuel use (such as use of forest biomass energy and substitution [of wood products for steel and concrete building products]), in conjunction with increasing carbon storage on forested landscapes, are likely to produce the most sustainable forest carbon benefits (Ryan et al. 2010, p. 14) 
Research Insight 2
The demand for wood keeps land in forest, provides incentives for expanding forests and improving forest productivity, and supports investments in sustainable forest management that can help offset the forest carbon impacts of increased demand.
Historical Context. The impacts of forest harvesting on carbon emissions are important yet counterintuitive. The history of US forests shows that increased demand can be met without reducing forested area or forest carbon stocks. The amount of forested area in the United States has been essentially constant since 1900 (Alvarez 2007 , Smith et al. 2009 (Figure 1 ). Over this period, land use has not been static, but losses of forest in one place have been offset by increases elsewhere. Where forest has been lost, it has been due primarily to suburban and urban development (Smith et al. 2009 ).
Forests in the United States currently function as a carbon sink (Figure 2 ). This is attributable to a stable forest area for more than 100 years and a long history of net forest growth in excess of mortality and removals at least since 1952 , Smith et al. 2009 ). Strong markets for forest products, evidenced by a near tripling of industrial roundwood harvests between 1900 and 1998, are also a factor as are improvements in forest management practices (Ince 2000 , Birdsey and Lewis 2003 .
Currently the net carbon sink in the United States is large enough to offset 14 -15% of total annual CO 2 emissions in the United States (US Environmental Protection Agency [EPA] 2013). Approximately 91% of this sink is attributable to increases in carbon stored in forest ecosystems, and the remaining 9% is due to increased quantities of carbon stored in products in use (e.g., wood used in construction) and in landfills (US EPA 2013). Land clearing before the early 1900s and subsequent forest regrowth coupled with improved forest management and increased output of harvested wood products (resulting in increases in carbon stocks in products-in-use and in landfills) created the US forest carbon sink ( Figure 2 ). Although forest carbon stocks have increased considerably since 1950s, it is unlikely that forest area or forest carbon stocks will return to precolonial levels due to the need for productive agricultural land and urban expansion.
Threats to Forest Area and Carbon Stocks. Looking ahead, the strength of the US forest carbon sink is expected to decline as forests growing on previously cleared land mature and forested land is lost to development and other uses , USDA 2012 . In Europe, there are already signs that the forest sink is becoming weaker (Nabuurs et al. 2013 ). Because of urbanization trends in the US South through 2060, total forest losses are forecasted to range from 11 million to 23 million acres, depending on the rate of population growth and the future of timber markets-low population growth with strong timber markets would yield the smallest losses. At 7-13 percent of current forest area, these losses would still equal nearly all the forests in Kentucky or South Carolina at the low end of the range, and nearly all the forests in Georgia or Alabama at the high end (Wear and Greis 2012, p. 23) Climate change may increase damage caused to forests (Joyce et al. 2014 ) by wildfire (US Department of Agriculture/US Department of the Interior/National Association of State Foresters 2009, Anderegg et al. 2013) , insect outbreaks (Bentz et al. 2010) , and hurricanes (McNulty 2002 , Negrón-Juárez et al. 2010 . The net sink could also be affected by changes in wood production and landowner responses to changes in demand for wood (Hardie et al. 2000 , Lubowski et al. 2008 , Abt et al. 2010 , Daigneault et al. 2012 , Nepal et al. 2012 , USDA Forest Service 2012 , Wear and Greis 2012 , Joyce et al. 2014 ) as well as public policies (Perez-Garcia et al. 2001 , Beach et al. 2005 , Langpap 2006 , Zobrist and Lippke 2007 , Zhang and Flick 2010 , Van Deusen et al. 2012 , Joyce et al. 2014 . Continued increases in atmospheric CO 2 and other plant nutrients will probably increase forest growth and associated CO 2 removals from the atmosphere, although there is considerable uncertainty regarding the factors influencing this growth response (e.g., as regards nitrogen availability and genetic limitations) (Luo et al. 2004 , Reich et al. 2006 , Denman et al. 2007 , Norby et al. 2010 ).
The Role of Markets in Protecting
Forest Area and Forest Carbon. Against this backdrop of concerns regarding forest area and loss of forest carbon stocks, research shows that demand for wood in the United States results in investments in forestry that help to prevent loss of forest and incentivize afforestation (Hardie et al. 2000 , Lubowski et al. 2008 . Forest area loss in the United States is caused primarily by urbanization and development, not demand for wood (Lubowski et al. 2008 , USDA Forest Service 2012 , Wear and Greis 2012 . In the face of pressures to convert land to other uses, increased wood demand in the United States can slow the loss of forested area (USDA Forest Service 2012, Nepal et al. 2014) . Empirical studies examining the economic factors affecting land-use change (e.g., Table 1 ) indicate that changes in economic returns to cropland and forestry affect the movement of land between these two uses (Lubowski et al. 2008) . Table 1 illustrates, using land-use elasticities, how changes in net economic returns to different land-use categories result in more or less land in forest. Land constantly moves into and out of forest cover. Approximately 4.6% of the forest on nonfederal land in the lower 48 states in 1982 was converted to other uses by 1997. Over the same period, conversion of nonforest land to forest offset these losses by an amount equivalent to about 5.7% of the 1982 forest area (not considering federal land), resulting in a small net gain in forest area (based on data in Lubowski et al. 2008) .
The benefits of investments in working forests due to markets for wood vary regionally and are especially clear in the southern United States (Nepal et al. 2014) , where the amount of softwood harvested from private pine forests almost doubled between the early 1950s and the late 1990s (Adams et al. 2006) while carbon stocks in these forests remained essentially constant (Mickler et al. 2004) (Table 2) . This was made possible, in part, by investments in working forests that greatly increased productivity and expanded the planted pine area from 1.8 million acres in the early 1950s to almost 32 million acres in the late 1990s. Some of this occurred on land not previously forested, but trends in natural pine acreage suggest that much of the planting of pine took place on land converted from natural pine (Fox et al. 2004, Wear and Greis 2012) . Whereas the carbon implications of this conversion are relatively well understood, the ecological attributes of planted forests are a matter of ongoing study Table 1 . Land-use choice elasticities for the United States: percent change in probability of land changing (a) from forest to other land use categories and (b) from other land use categories to forest given a 1% change in net returns in the final use.
(a) Land starting in forest but ending in another category (b) Land starting in a different category but ending in forest Final land use 1982 -1987 1987 -1992 1992 Starting land use 1982 -1987 1987 -1992 1992 Table 3 in Lubowski et al. (2008) . Standard errors are in parentheses. * Statistical significance at the 1% level. Effects were also tested at the 5% level, but this did not reveal any additional statistically significant effects. and debate (e.g., see Loehle et al. 2009 , Evans et al. 2013b ). Market-related impacts have been the focus of a number of recent studies, some looking at a range of factors affecting land use and some looking specifically at the projected effects of an increase in demand for forest biomass for energy. A study of factors affecting land use in the US South found that "forestland share responds positively to increases in pine stumpage prices and negatively to increases in timber production costs" (Hardie et al. 2000, p. 670) . Another study of land-use change in the United States found that "…the rise in timber net returns [was] the most important factor driving the increase in forest areas between 1982 and 1997" (Lubowski et al. 2008, p. 545) . A study of the impacts of increased wood demand for bioenergy in Alabama, Florida and Georgia found that …in scenarios in which prices increase, there is more timberland area than occurs under the baseline scenario without bioenergy demand. This, in turn, leads to a higher level of carbon sequestration in the standing forest than occurs with the baseline scenario (Abt et al. 2012, p. 536) Another study of land-use impacts attributable to increased use of wood for energy found that "[h]igher timber prices lead to new investments in forestry, and in particular in new forestlands in the unconstrained land scenario" (Daigneault et al. 2012, p. 5669) . This same study projected that, as a result of increased wood demand for energy, US forest area could expand by 4 to 8.6 million acres by 2015 and 11.9 to 26.9 million acres by 2030 (Daigneault et al. 2012) .
A recent assessment by the USDA Forest Service predicted losses in US forest area through 2060 due primarily to urbanization, noting that
[f]orest area losses are most pronounced under…scenarios, in which populationand income-driven urbanization consumes rural lands at the highest rate. The acceleration of forest loss for [an historical bioenergy demand scenario] relative to [a comparable high bioenergy demand scenario] reflects the role that strong wood products markets can have on retaining or even expanding forestland in parts of the United States (USDA Forest Service 2012, p. 59) The connection between markets for wood and keeping land in forest is also evident in an assessment of the global patterns of deforestation:
in general, the data show that the global regions with the highest levels of industrial timber harvest and forest product output are also regions with the lowest rates of deforestation (Ince 2010, p. 32) Such information led IPCC to observe that the anticipation of future bioenergy markets may promote optimized forest management practices or afforestation of marginal land areas to establish managed plantations, so contributing to increased forest carbon stocks. Rather than leading to wide-scale loss of forestlands, growing markets for tree products can provide incentives for maintaining or increasing forest stocks and land cover, and improving forest health through management Although these and other studies provide strong evidence that increased demand for wood leads to increased forested area, the impacts on forest carbon can vary, especially over periods of decades. For instance, the USDA Forest Service (2012) assessment discussed above found that at the end of the study period (2060) projected carbon stocks were likely to be lower in the high biomass demand scenario even while the forest area was likely to be greater. This was due to increased harvesting and more intensive forest management.
Other studies, however, have found that where the investment response to increased demand is strong, it can increase both forest area and forest carbon stocks, especially where investments are made in anticipation of increased demand (Daigneault et al. 2012 , Sedjo and Tian 2012 , Nepal et al. 2014 . Market response varies by region and is especially strong in the US South, where one study found that the investment response would be adequate to offset essentially all of the projected drawdown in forest carbon stocks associated with more than a 4-fold increase in the amounts of forest-derived energy (Nepal et al. 2014) . The investment response and the associated carbon impacts can also be affected by policies that constrain market participation . These varying findings highlight the need for those studying forest bioenergy to consider the many complex ways in which market forces impact forest-related activities and investments.
Landowner responses to increased demand and the carbon impacts of those responses are affected by many things besides markets. This is especially true in the case of small private nonindustrial forest owners, now more commonly referred to as family forest owners (Butler 2008) . These landowners supply more than one-half of the wood harvested in the United States (Haynes et al. 2007) . A robust body of research shows that these landowners respond to price signals, public policies, and various incentives and disincentives to producing wood. For instance, a meta-analysis of forest management practices of family forest owners found that among the drivers typically studied, policy variables are most likely to be identified as drivers of landowner behavior, followed by plot/resource conditions, owners' characteristics, and market drivers, although the differences in the importance of the various drivers are small (Beach et al. 2005 ). This and many other studies make it clear that in addition to markets, public policies and other nonmarket factors are important drivers of landowner behavior (PerezGarcia et al. 2001 , Langpap 2006 , Zobrist and Lippke 2007 , Zhang and Flick 2010 , Joshi and Mehmood 2011 , Miller et al. 2012 , Van Deusen et al. 2012 , Aguilar et al. 2013 , Becker et al. 2013 , Rozance and Rabotyagov 2014 . Research on factors that influence landowner behavior suggests substantial potential for affecting landowner behavior in ways that could have important carbon implications. Policies that provide incentives for landowners to expand forest area, make forests more productive, and store more carbon could have important carbon benefits. On the other hand, policies that increase transaction costs to landowners or devalue forest biomass could have negative carbon consequences, by reducing incentives for investments in working forests, reducing biomass supplies, limiting afforestation activities, and leading to increased conversion of forests to other land uses. The potential for landowner response to disincentives could be especially important in the case of materials collected for energy due to their low value, as revealed in a survey of loggers and landowners in North Carolina (Fielding et al. 2012) .
Markets and landowner behavior are often ignored in studies of the carbon impacts of increased use of forest-derived bioenergy, even though many studies have shown that landowners are responsive to forest policies, incentives, and disincentives. Although there are uncertainties associated with studies that provide an integrated analysis of the dynamic interactions between forests, other land uses, and markets for traditional forest products as well as biomass energy, these integrated assessments provide important insights into the carbon implica-tions of different policies. There are many examples of such integrated assessments (see Abt et al. 2010 , Ince et al. 2011 , Daigneault et al. 2012 , Nepal et al. 2012 , Sedjo and Tian 2012 , USDA 2012 , Abt and Abt 2013 , White et al. 2013 , Nepal et al. 2014 ).
Research Insight 3
Although forest bioenergy systems sometimes produce near-term increases in CO 2 , they typically result in lower cumulative CO 2 emissions over time, and cumulative CO 2 emissions, according to the IPCC, are the best predictor of future peak global temperatures.
The time required for biomass energy systems to show net GHG benefits relative to that for alternative systems has received considerable attention (Vaughan et al. 2009 , Cherubini et al. 2011 , McKechnie et al. 2011 , BERC 2012 , Mitchell et al. 2012 , US EPA 2012 , Agostini et al. 2013 , Helin et al. 2013 , Lamars and Junginger 2013 , Walker et al. 2013 . Some of the focus on timing stems from concern about "tipping points" and "abrupt changes."
IPCC defines a tipping point as "a hypothesized critical threshold when global or regional climate changes from one stable state to another stable state" (IPCC 2013 (IPCC , p. 1463 . In its most recent analysis, IPCC reports that A small number of studies using simplified models find evidence for global-scale 'tipping points'; however, there is no evidence for global-scale tipping points in any of the most comprehensive models evaluated to date in studies of climate evolution in the 21st century. There is evidence for threshold behavior in certain aspects of the climate system, such as ocean circulation and ice sheets, on multi-centennial-to-millennial timescales. There are also arguments for the existence of regional tipping points, most notably in the Arctic although aspects of this are contested (IPCC 2013, p. 129) IPCC defines an "abrupt change" as a large-scale change in the climate system that takes place over a few decades or less, persists (or is anticipated to persist) for at least a few decades, and causes substantial disruptions in human and natural systems (IPCC 2013 (IPCC , p. 1448 In summarizing the research on abrupt changes IPCC concludes that Several components or phenomena in the climate system could potentially exhibit abrupt or nonlinear changes, and some are known to have done so in the past.… For some events, there is information on potential consequences, but in general there is low confidence and little consensus on the likelihood of such events over the 21st century (IPCC 2013 (IPCC , p. 1033 Whereas the science on tipping points and abrupt changes continues to advance, a consensus has developed on the importance of cumulative CO 2 emissions as a predictor of peak global temperatures , IPCC 2013 . For instance, IPCC (2013) indicates that although there is evidence that shortlived, non-CO 2 GHGs such as aerosols and methane may have near-term temperature impacts within several decades, CO 2 appears to be different: taking into account the available information from multiple lines of evidence (observations, models and process understanding), the near linear relationship between cumulative CO 2 emissions and peak global mean temperature is well established in the literature and robust for cumulative total CO 2 emissions up to about 2000 PgC [petagrams of carbon]. It is consistent with the relationship inferred from past cumulative CO 2 emissions and observed warming, is supported by process understanding of the carbon cycle and global energy balance, and emerges as a robust result from the entire hierarchy of models (IPCC 2013, p. 102) IPCC suggests that for warming to be limited to 2°C at the time net CO 2 emissions are reduced to zero, total cumulative emissions from all anthropogenic sources over the entire industrial era would need to be limited to about 1 trillion tonnes of carbon (IPCC 2013, p. 927). As of 2011, cumulative anthropogenic emissions of CO 2 during the industrial era were estimated to be 555 billion tonnes of carbon (IPCC 2013, p. 467) .
IPCC specifically addresses the issue of emissions timing in the context of cumulative emissions, noting that
The concept of cumulative carbon also implies that higher initial emissions can be compensated by a faster decline in emissions later or by negative emissions. However, in the real world short-term and longterm goals are not independent and mitigation rates are limited by economic constraints and existing infrastructure (IPCC 2013 (IPCC , p. 1113 Thus, IPCC's concern with higher CO 2 emissions in the near-term reflects concern about what these near-term increases mean about the likelihood of meeting cumulative CO 2 emissions targets in the longer term, especially given economic and infrastructure constraints to making large reductions in the future if emissions are allowed to increase unabated in the near term.
In the words of one of the studies cited by IPCC in its most recent assessment … the relationship between cumulative emissions and peak warming is remarkably insensitive to the emission pathway (timing of emissions or peak emission rate). Hence policy targets based on limiting cumulative emissions of carbon dioxide are likely to be more robust to scientific uncertainty than emission-rate or concentration targets (Allen et al. , p. 1163 Elsewhere, IPCC's Fifth Assessment Report addresses the "relationship between short-term action and long-term targets" (Bruckner et al. 2014, p. 67 ultimately in the longterm require net emissions to decline to zero. Two important implications follow from this observation. First, it is cumulative emissions over the entire century that to a first approximation determines the CO 2 concentration at the end of the century, and therefore no individual year's emissions are critical…. Second, minimization of global social cost implies an immediate initiation of global emissions mitigation, relative to a reference, no-climate-policy scenario…. (Bruckner et al. 2014, p. 67-68) The IPCC text reveals that the primary concern about not meeting near-term limits is related to "lock-in" of high GHG technology and infrastructure that fail to accomplish any significant change in terms of the low-carbon energy share and therefore fail to reduce long-term cumulative emissions (Bruckner et al. 2014, p. 68 ). IPCC's concern about lock-in is focused on conventional fossil fuel energy systems, not energy systems that yield significant long-term reductions in cumulative emissions, such as energy systems supplied with forest biomass from land that remains in forest. Indeed, bioenergy is among the "low-carbon primary energy" sources included in IPCC's energy sector transformation pathways (Clark et al. 2014, p. 40) .
These various findings are directly relevant to the discussions about the timing of emissions and benefits associated with the use of forest-derived fuels. When systems using forest biomass are compared with those using fossil fuels for energy, forest-based energy systems can sometimes show higher near-term emissions of CO 2 , incurring a carbon debt (Fargione et al. 2008 , Gibbs et al. 2008 , Jones et al. 2010 , McKechnie et al. 2011 , Mitchell et al. 2012 , US EPA 2012, Zanchi et al. 2012 , Agostini et al. 2013 , Lamars and Junginger 2013). As discussed above, however, in the case of forest-derived fuels, as long as wood-producing land remains in forest, this short-term increase in emissions is reversed in essentially all cases, and in the long-term, the use of forest-based systems provides lower cumulative CO 2 emissions than fossil fuel-based alternatives (see Research Insight 1). Research Insight 4 (below) elaborates on the times required to achieve lower cumulative emissions from forest biomass fuels. Given the consensus on the importance of reducing long-term cumulative emissions, near-term increases in CO 2 emissions should not be judged in isolation. Forest bioenergy systems may sometimes produce higher near-term CO 2 emissions, but they typically produce lower cumulative CO 2 emissions, making their climate impact fundamentally different from that of fossil fuel systems that increase nearterm CO 2 emissions without reducing cumulative emissions.
Research Insight 4
The
net warming impacts of biogenic CO 2 should be assessed using a framework that is consistent with that used for other GHGs and, especially in the case of biogenic CO 2 from roundwood, reflects the effects of market-induced investments and forest growth dynamics. When assessed in such a framework, the types of forest-derived biomass likely to be used for energy in the US typically have low (sometimes less than zero) warming impacts.
The GHG impacts of forest-derived energy should be calculated with a metric for biogenic CO 2 that is consistent with the approach used for other GHGs. The impacts of other GHGs are commonly examined on the basis of global warming potentials (GWPs) derived from the 100-year time-integrated global mean radiative forcing of a pulse emission (Forster et al. 2007 ). Radiative forcing is the change in the…radiative flux (expressed in W m Ϫ2 ) at the tropopause or top of atmosphere due to a change in an external driver of climate change, such as…a change in the concentration of carbon dioxide… (IPCC 2013 (IPCC , p. 1460 Cumulative radiative forcing from a pulse emission of a GHG is determined by calculating the radiative forcing each year, attributable to the amount of GHG remaining in the atmosphere, and summing the annual values over a period, often 100 years. A 100-year GWP for a GHG is equal to the cumulative radiative forcing of a pulse emission of the GHG over 100 years divided by the cumulative radiative forcing of a pulse emission of CO 2 over 100 years. GHGs with higher cumulative radiative forcing than CO 2 have GWPs greater than 1, whereas those with cumulative radiative forcing less than CO 2 will have GPWs less than 1. The impacts of biogenic CO 2 can likewise be characterized by taking net CO 2 fluxes, including removal of CO 2 from the atmosphere by growing trees, and cumulative radiative forcing into account. Several approaches for accomplishing this have been suggested. Cherubini et al. (2011) , for instance, suggest using GWP bio which is a global warming potential for biogenic CO 2 . It is comparable to GWPs for other gases in that it reflects the net radiative forcing associated with the release of a pulse emission of a GHG, in this case, biogenic CO 2 , relative to a pulse emission of fossil fuel CO 2 . It differs from other GWPs only in that it also considers the removal of a pulse emission of biogenic CO 2 from the atmosphere by regrowth of the harvested vegetation. This metric characterizes the emissions from the system in isolation, not considering foregone carbon storage and, in the case of trees, foregone sequestration attributable to tree growth. The Cherubini et al. (2011) GWP for biogenic CO 2 will be equal to 1.0 if there is no regrowth to offset the emissions, between 0.0 and 1.0 if a portion of the biogenic CO 2 is removed from the atmosphere by regrowth, and 0.0 if all of the CO 2 is removed via regrowth instantaneously after harvest. Helin et al. (2013) suggested an approach that differs from that of Cherubini et al. (2011) in that it also considers foregone storage and sequestration, i.e., the removals of CO 2 from the atmosphere and incremental carbon storage that would have occurred had the biomass not been used. As a result, GWPs for biogenic CO 2 developed using the Helin et al. (2013) approach are larger than those developed using the Cherubini et al. (2011) approach. At a given point in time, the Helin et al. (2013) GWP for biogenic CO 2 will be equal to 1.0 if the amount of CO 2 removed by regrowth after harvest is exactly the same as the foregone CO 2 removals attributable to additional growth that would have occurred had the wood not been harvested. It will be greater than 1.0 if the CO 2 removed by regrowth over time is less than the foregone CO 2 removals attributable to the additional growth lost by harvesting and less than 1.0 if the CO 2 removed by regrowth over time is greater than the foregone CO 2 removals.
The Cherubini et al. (2011) approach is appropriate if the objective is to characterize the biogenic CO 2 emissions from the biomass energy system in isolation, without considering foregone carbon storage and sequestration. The approach of Helin et al. (2013) is appropriate where the objective is to assess the net change in biogenic CO 2 emissions associated with an increase in the use of biomass for energy relative to a scenario where this energy demand is met without increasing the use of biomass. Table 3 compares results from the two approaches when applied to planted loblolly pine on a 20-year rotation. The results from both methods and the differences between them vary from one situation to another, depending primarily on growth rates.
In either case, if these metrics are developed for 100-year periods, they can be used in studies in which other gases are characterized using 100-year GWPs, recognizing that Table 3 . Development of 100-year global warming potentials for biogenic CO 2 using methods comparable to those used for other GHGs. Cherubini et al. (2011) approach* Helin et al. (2013) approach* 20-yr GWP for biomass energy CO 2 emission 0.54 0.85 100-yr GWP for biomass energy CO 2 emission 0.12 0.26
Two approaches for calculating global warming potentials for biogenic CO 2 (not considering investment-related responses to increased demand) are shown. The example is based on increased production of bioenergy from planted loblolly pine on a 20-year rotation (based on growth curves developed from planted pine data in Smith et al. 2006 ). * Calculations are contained in Supplemental Spreadsheet S1.
Supplementary data are available with this article at http://dx.doi.org/10.5849/jof.14-009.
the investment response is not accounted for. Increasingly, however, the impacts of biogenic CO 2 are being judged over periods of less than 100 years in analyses in which other GHGs are examined using 100-year GWPs. Using a time horizon of less than 100 years to judge the significance of emissions of biogenic CO 2 implies that wood energy emissions are more damaging than fossil fuel-derived CO 2 and other GHGs, which has no scientific basis. If the time horizon for judging impacts from biogenic CO 2 is less than 100 years, then logically it should be less than 100 years for all GHGs. In other words, consistent time horizons should be used for judging the radiative forcing of all GHGs. IPCC has developed 20-year GWPs (Forster et al. 2007 , IPCC 2013 , which can be used to judge the cumulative radiative forcing of a pulse emission of many GHGs over a 20-year period.
Because these values are static, however, their use can be problematic in systems involving more than pulse emissions of CO 2 at time zero (e.g., see Levasseur et al. 2010, Gaudreault and Miner 2013) . For example, because methane has a relatively short lifetime in the atmosphere, methane leaks from natural gas systems exert most of their warming impacts in the years immediately after their release (Alvarez et al. 2012) . This dynamic process is important to understanding the timing of impacts involving methane, but it is ignored when using GWPs because GWPs represent cumulative warming impacts over a specific period, usually 100 years. In such cases, dynamic modeling of radiative forcing may be necessary, as suggested by Levasseur et al. (2010) , Cherubini et al. (2011), and Helin et al. (2013) . Insights into the GHG attributes of biomass energy can be gained by using the metrics described above. Although these metrics address the direct impacts of using biomass, they miss potentially important indirect impacts, such as market-related impacts on forestry, including investment responses that expand forest area or increase forest productivity, as described in Research Insight 2 above, and the impacts of natural disturbances that might be affected by a decision to increase forest output. The inclusion of impacts related to market-induced investments that expand forest area and improve forest management provides a more robust assessment of the effects of using forest biomass (Daigneault et al. 2012, Galik and . If indirect market-related effects, such as landowner responses to increased demand, are excluded, one can overlook carbon impacts associated with private landowner responses to increased demand that in most cases tend to increase supplies of forest biomass, improve forest management, and offset carbon losses associated with increased harvesting (Daigneault et al. 2012 , Nepal et al. 2014 .
With an understanding of the importance of using consistent metrics and consideration of the effects of the investment response, it is possible to examine the GHG impacts associated with increased use of specific types of forest-derived biomass. This is done in the following sections addressing logging residue, roundwood from private land, wood from federal land in the West, mill residues, and large trees.
Logging Residue from Private and Public Land. To sustain ecological functions and site productivity, it may be appropriate to retain a portion of logging residues on site, as recognized by various biomass harvesting guidelines (Evans et al. 2013a) . Within these constraints, using some of these residues to displace fossil fuel reduces atmospheric GHGs (Lippke et al. 2012 , Zanchi et al. 2012 . To estimate the CO 2 reductions associated with increased use of logging residues and their timing, one compares a system in which increased amounts of logging residues are used for energy and an alternative system in which they are not. In cases in which the alternative to using these residues for energy is burning them on site, as is the practice in many US locations, the carbon returns to the atmosphere at the same time for the two systems, so the net impact on biogenic carbon emissions is zero or less than zero if methane and nitrous oxide emissions from pile burning are higher than those from boilers (Jones et al. 2010) . In these cases, the benefits of using residues for energy are observed immediately. Where the alternative to using logging residues for energy is leaving them on site to decay, net emissions of biogenic CO 2 may be temporarily higher for the case in which residues are used for energy and substitution benefits may be delayed for a period that depends primarily on the expected decay rate of forest residues (Lamars and Junginger 2013) . Although decay halflives of 100 years or longer have been reported, the majority of United States logging residue half-lives are less than 50 years and generally less than 20 years under warm conditions, with hardwoods generally decomposing more rapidly than softwoods (Zimmerman 2004 , Radtke et al. 2009 , Russell et al. 2014 .
With use of the biogenic CO 2 impact metric developed by Helin et al. (2013) and two assumptions (that slash would have been left on site to decay, with an avoided decay half-life of 20 or 50 years, had it not been burned for energy, and that carbon released by decomposition enters the atmosphere as CO 2 ), the estimated 100-year GWPs for biogenic CO 2 from increased use of logging slash for energy are 0.30 and 0.56, respectively, not considering avoided fossil fuel emissions (calculations are shown in Supplemental Spreadsheet S2), meaning that the biogenic CO 2 from these sources exerts 30 and 56% of the net radiative forcing of fossil fuel CO 2 over 100 years. In circumstances representative of the eastern United States, where most logging residues are produced and residue decay half-lives are generally 20 years or less (Zimmerman 2004 , Russell et al. 2014 , the use of forest residues that otherwise would have been left to decay typically accomplishes net GHG benefits within a decade when displacing coal-based electricity and within two decades when displacing natural gas-based electricity, even though wood energy systems usually have somewhat lower efficiencies than fossil fuel systems (Zanchi et al. 2012 , Lamars and Junginger 2013 , Walker et al. 2013 . Longer times to see net benefits can occur in situations in which residues are normally left to decay, and the decay rates are lower (McKechnie et al. 2011 , Repo et al. 2012 , Lamars and Junginger 2013 . Residue decay rates appear to be lower in parts of the Northwest than in the eastern United States, and burning of logging residues onsite is most common in the Northwest, followed by the North, the Southwest, and the South (Cleaves et al. 1999 , Zimmerman 2004 .
Roundwood from Private Land. The biogenic CO 2 metric developed by Helin et al. (2013) , described above, yields an estimated 100-year GWP for biogenic CO 2 from roundwood produced from forests evaluated by the Manomet Center (Walker et al. 2013 ) and used in accordance with Massachusetts biomass regulations, 3 of 0.68 (calculations are contained in Supplemental Spreadsheet S2), meaning that this biogenic CO 2 has 68% of the cumulative 100-year radiative forcing of fossil fuel CO 2 . Lower GWPs are likely where the forest is faster growing (e.g., see Table 3 for a case involv-ing 20-year rotation loblolly pine). Although the GWPs for biogenic CO 2 from old or slow-growing forest are likely to be higher (Marland and Schlamadinger 1997) , it is important to consider the extent to which such trees are likely to be used for energy, a topic discussed in more detail below.
In many cases, to correctly characterize net emissions associated with using roundwood, indirect impacts related to marketinduced investments must also be analyzed (e.g., see Daigneault et al. 2012 , Nepal et al. 2014 . This can be a complex undertaking, however, and most studies ignore these indirect impacts and instead assume that forest management within a supply area will not change in response to increased demand for forest biomass; i.e., management practices, the amount of forested area, and the impacts of natural disturbances do not change (e.g., see McKechnie et al. 2011 , BERC 2012 , Mitchell et al. 2012 , Zanchi et al. 2012 , Walker et al. 2013 . Historical evidence indicates, however, that increased demand for roundwood for products and energy from sustainably managed private forestland will increase revenue to landowners and often affect carbon stocks as landowners respond by retaining or expanding forest and intensifying forest management (Fox et al. 2004 , Lubowski et al. 2008 , Daigneault et al. 2012 , Nepal et al. 2014 . Because of the time needed to produce wood, studies examining landowner responses to increased demand for wood often look at the role of anticipatory investments made in expectation of future demand (Sedjo and Tian 2012) . These anticipatory investments help prevent forest carbon stocks from declining, especially on private land, as the historical record in the southern United States demonstrates (Table  2 ) and recent research reinforces (Nepal et al. 2014) . Empirical studies show that landowners have converted agricultural land to forest and refrained from converting forestland to other uses in response to higher revenues from forestland (Hardie et al. 2000 , Lubowski et al. 2008 .
The largest demand for wood biomass for energy from private lands is likely to occur where the investment response to increased demand for wood has been the strongest-the US South (Nepal et al. 2014) . Research suggests that the impact of the investment response on forest carbon stocks is less significant in other regions of the country (Nepal et al. 2014 ). In the Pacific Northwest, another major wood-producing region, landownership patterns and economic forces, among other factors, have limited the extent to which investments in forestry result in increased forest area. In this region, essentially all land-use change has involved converting undeveloped agricultural and forestland into developed uses (Lettman et al. 2002 , Bradley et al. 2007 . Family forest owners in areas with strong development pressures in the Northwest and elsewhere are relatively unlikely to keep land in forest simply for the income from wood production (e.g., see Table 1 and Rozance and Rabotyagov 2014) . In places with less development pressure such as eastern Washington state, however, higher forest values can lower the likelihood of development (Rozance and Rabotyagov 2014) .
The impacts of roundwood harvesting on soil carbon are complex. Soil carbon can be affected by management treatments that impact site productivity or cause soil disturbance (Johnson et al. 2002 , Jandl et al. 2007 , Nabuurs et al. 2007 ). Conversion of nonforested land to forest generally increases soil carbon stocks, although decreases have been observed in some grassland ecosystems with very high initial soil carbon and in situations where peatland has been drained to allow plantations to be established (Nabuurs et al. 2007 ). However, in temperate forests, as long as land remains in forest, mineral soil carbon levels generally remain stable even though forest floor carbon levels may be affected by harvesting with the effects being related to changes in species composition and soil taxonomic order (Nave et al. 2010) .
A general increase in the demand for biomass for energy could cause a reduction in biomass carbon stocks on the land if the new demand induces forest landowners to convert lands to produce annual or shortrotation biomass energy crops (White et al. 2013) . Healthy markets for higher valueadded forest products (e.g., lumber, panels, and paper), produced in parallel with wood biomass coproducts (e.g., thinnings and logging slash) that are sources of energy, can help minimize such losses. Munsell and Fox (2010) , for instance, found that providing biomass for energy from pine plantations on cutover sites is most profitable when intensive management is used to produce a mixture of traditional forest products and biomass for energy
The economic benefit of integrated production of traditional products that help make removal of small diameter trees and other low-value biomass feasible for bioenergy or other purposes is also highlighted in works by Barbour et al. (2008 ), Evans (2008 ), Lowell et al. (2008 ), Nicholls et al. (2008 , Abbas et al. (2013) , and Aguilar et al. (2013) . Although not examined in this review, the effects of changes in forest management on impacts of natural disturbances can also affect the net benefits of biomass energy, although important information gaps in some situations limit the extent to which this can be dealt with quantitatively (Gunn et al. 2014) .
Obtaining GHG benefits from use of trees for energy requires retaining woodproducing land in forest. The timing of net CO 2 emissions from forest bioenergy systems and the time required to see net GHG benefits from increased use of trees for energy will depend on many factors including tree size and growth rate, displaced fossil fuel, life cycle GHG emissions from transport, processing and other activities, and the rate at which demand increases and the investment response to that demand. Where large trees are involved, the investment response is weak or not considered and the calculations include foregone sequestration, the net radiative forcing associated with biogenic CO 2 attributable to increased use of trees for energy may be close to that of fossil fuel CO 2 (e.g., estimated 100-year GWP of Ն0.9 for slow-growing trees), and in these cases many decades may be required to see net GHG benefits (McKechnie et al. 2011 , Mitchell et al. 2012 , Lamars and Junginger 2013 , Walker et al. 2013 . Where tree growth rates are relatively fast and there is a history of landowners responding to increased demand by expanding forest area and improving forest productivity, the net radiative forcing of biogenic CO 2 is far less than that of fossil fuel CO 2 . For instance, the estimated 100-year GWP of biogenic CO 2 resulting from increased use of 20-year rotation pine is 0.26 if foregone sequestration is included in the calculation and 0.12 if it is not (Table 3 ). This does not consider the investment response to increased demand that would be expected to reduce this further. Where the investment response is strong and fast-growing trees are involved, the increased production of energy from a mix of forest biomass that includes trees can produce net GHG benefits within a decade or two, with shorter times being associated with studies that assume investments occur in anticipation of increased demand (Abt et al. 2010 , Daigneault et al. 2012 , Nepal et al. 2014 .
Wood from Federal Land in the West
Tree mortality rates in public forests are higher than the nationwide average ( Figure  3A) , especially in the Rocky Mountain region ( Figure 3B ). In the West, the wildfire threat involves more land than is threatened by insects, disease, and development (Kline et al. 2013) . As a result of the increasing mortality trend since 1987 and the corresponding potential for large-scale intensive wildfires, there is considerable interest in improving forest conditions on public lands in the West by fuel reduction treatments, particularly thinning (Finkral and Evans 2008 , Ager et al. 2010 , Coleman et al. 2010 , Jones et al. 2010 , Oneil and Lippke 2010 , Reinhardt and Holsinger 2010 .
Because economic returns are a lower priority for public land, revenues from periodic harvesting in public forests are unlikely to influence either the scheduling of treatments to enhance growth or the conversion of forest to other land-use categories. However, markets for timber and biomass may facilitate or accelerate silvicultural treatments to produce conditions that reduce the risks of catastrophic fire, disease, or insect outbreaks. Although thinning treatments for fuel reduction reduce carbon on the landscape, they also reduce the threats of carbon loss from fire, especially in fire-prone areas, as well as from insects and disease (Hurteau et al. 2008, Hurteau and North 2009 ). The net carbon benefits of fuel reduction treatments are highly site-specific with benefits unlikely in forests that are not fire prone (Mitchell et al. 2009 , Ager et al. 2010 , Coleman et al. 2010 , Jones et al. 2010 , Oneil and Lippke 2010 . The net carbon benefits of fuel reduction treatments can be enhanced by using the wood to make products or fuels that reduce fossil fuel-related carbon emissions via substitution effects (see references in Research Insight 1). For purposes of carbon accounting, however, if the goal of treatments is viewed as forest restoration then any wood that is not used for timber products can be viewed as logging residue and would have net GHG emissions similar to those of other logging residues, as discussed above.
Mill Residues. The use of biomass manufacturing residues for energy results in very low net impacts from biogenic GHGs. Almost all of these materials are now used for energy. This was not always the case, however. At one time, for instance, teepee or beehive burners were used to dispose of much of the residues produced by saw mills, but by 1992, or earlier, these became "essentially obsolete" (US EPA 1992). History suggests, therefore, that if mill residues were not used for energy, most of these materials would be wastes that would be either incinerated, in which case the atmosphere would see the same biogenic CO 2 emissions as if the material had been burned for energy, or disposed in landfills.
If the alternative to using mill residues for energy is disposing of these materials in landfills, then the net impact of burning for energy on biogenic emissions, in terms of warming (i.e., CO 2 equivalents), can actually be less than zero because of the warming potency of the methane generated in landfills (Gaudreault and Miner 2013) . Methane is a far more potent GHG than CO 2 , exerting 28 times the radiative forcing of CO 2 over 100 years (IPCC 2013) . In some cases, the methane emissions from piles used to store residuals at bioenergy facilities may also need to be considered, and these may reduce the net benefits of using these materials for energy. These emissions appear to be small, however, compared with those from landfills (Pier and Kelly 1997) . When assessment is extended to consider all GHGs and fossil fuel substitution, the overall benefits of using manufacturing residuals for energy are large and become evident in short periods Miner 2013, Lamars and Junginger 2013) .
Large Trees and Bioenergy. Mature forests are important reservoirs of stored carbon (Mackey et al. 2013) , and carbon debts associated with using large trees as sources of energy would be expected to be large and require considerable time to overcome (Mitchell et al. 2012) . The use of large trees (i.e., those of a size suitable for use as sawtimber), however, is unlikely because of market and economic considerations. Studies have shown that even with substantial demand for forest biomass and conservative supply assumptions, larger and higher valued materials, such as sawtimber, are not likely to be used for energy even if smaller diameter trees, such as those used for pulpwood, may be diverted to the biomass energy market (Abt et al. 2010 , Ince et al. 2011 .
For instance, a recent forward-looking assessment examining a range of wood energy scenarios included one wherein the use of wood for energy increased by a factor of 3.7 by 2060 to a level at which wood fuel feedstock consumption was slightly greater than all other commercial uses. Even under these conditions, projected sawtimber prices remained above those of nonsawtimber. Only when the use of wood for energy far exceeded all other uses did projected sawtimber and nonsawtimber prices converge (USDA Forest Service 2012, p. 26 and Figure 83) . Looking specifically at the southern United States, studies have found that increased demand for biomass energy is un- likely to increase the price of small diameter roundwood to even half that of typical prices for sawtimber Abt 2013) . Many factors combine to keep prices for biomass used for energy well below prices that would lead to harvest of sawtimber-size material for energy, including the small roundwood supply, the potential for increased utilization of residues, the complementary effect of forest biomass harvest on other products, and the probable supply and management response to higher prices. These factors make it very unlikely that wood suitable as sawtimber, in the southern United States or elsewhere, would be harvested for energy as long as a market for sawtimber is available.
Summary and Conclusions
It has been known for at least 25 years that there are substantial long-term CO 2 reduction benefits from forest bioenergy as long as wood-producing land remains in forest. It has also been known that, in some cases, increased use of forest bioenergy can result in higher near-term CO 2 emissions, causing delays in seeing net benefits. The length of this delay varies considerably, based on physical and biophysical factors, differences in biomass characteristics, and reference conditions. Recently, researchers have examined forest bioenergy in a broader, integrated framework that also addresses market impacts. Based both on empirical data and modeling, these studies have determined that increased demand often leads to investments in forestry that increase forest area and incentivize improvements in forest management that, depending on circumstances, can also increase forest carbon stocks. This investment response has been found to be especially important in places such as the US South, where economic returns to land have been shown to directly affect gains and losses in forest area.
Recently researchers have also examined metrics for characterizing the impacts from biogenic CO 2 in ways consistent with those used for other GHGs. The research has produced several metrics for calculating 100-year GWPs for biogenic CO 2 , reflecting net cumulative radiative forcing. The use of these metrics reveals that as long as land remains in forest, emissions of biogenic CO 2 associated with increased production of forest bioenergy have smaller, and often far smaller, net warming impacts than comparable emissions of CO 2 from fossil fuel.
The logic behind the selection of time horizons for judging the impacts of biogenic CO 2 has been clarified by IPCC, which has found that in the case of CO 2 , there is a near linear relationship between cumulative emissions and projected peak global temperatures. The emphasis on near-term reductions in CO 2 emissions primarily reflects concern about the "lock-in" of technologies that do not help reduce cumulative emissions of CO 2 in the longer term. The nearterm increases in CO 2 emissions sometimes caused by forest bioenergy are associated with energy systems that reduce cumulative emissions in the longer term, something that clearly differentiates them from fossil fuel systems that increase near-term emissions without reducing cumulative emissions.
The research described above provides the basis for a number of generalizations about the GHG impacts to be expected from increased use of different types of forest biomass for energy:
• Under almost all circumstances, the use of biomass residuals from manufacturing has been found to yield low to negative emissions of biogenic GHGs in relatively short times and essentially instantaneous benefits when displacing fossil fuels.
• Net biogenic CO 2 emissions from increased use of forest harvest residues for energy are highly dependent on whether harvest residues would have been burned in the forest or left to decay. When the alternative to using residuals for energy is burning them in the forest, the net emissions of biogenic CO 2 associated with using forest residues for energy are essentially zero, and benefits from displacing fossil fuel occur instantaneously. If the alternative is leaving the material to decay under conditions representative of the eastern United States, the net warming caused by biogenic CO 2 emissions is likely to be in the range of one-third to one-half of that associated with a pulse emission of an equal amount of fossil fuel CO 2 . Under these conditions, GHG benefits from using forest residues to produce electricity are generally observed in less than a decade or two. Where decay rates are slower, as appears to be the case in the Pacific Northwest, longer times may be required to see net benefits.
• Considering the economic disincentives to using large trees for energy and the regions expected to provide wood for energy, the types of roundwood anticipated to be used to meet increased demand for bioenergy in the United States are likely to be associated with relatively low net biogenic CO 2 emissions impacts. Where growth rates are relatively high and the investment response is strong, net GHG benefits from increased use of trees for energy can be realized within a decade or two, depending on the fossil fuel being displaced and the timing of the investment response. Where tree growth is slow and the investment response is lacking, many decades may be required to see the net benefits from using roundwood for energy.
Legal, policy, and practical considerations, beyond the scope of this science-and economics-focused review, will affect how biogenic CO 2 is characterized under different laws, regulations, and forest management guidelines. Those working to understand the GHG impacts of increased reliance on forest bioenergy, however, need to consider the following: the relatively low net cumulative emissions impacts associated with increased use of the types of forest biomass most likely to be used for energy in the United States; the importance of the investment response in contributing to these low net emissions; and the possible effect on these investments of policies that attach an emissions liability to biogenic CO 2 .
Endnotes

IPCC was established by the United Nations
Environment Programme and the World Meteorological Organization in 1988 to provide scientific analysis of climate change, including its potential environmental and socioeconomic impacts. IPCC relies on a network of government-nominated scientists from around the world, operates under the auspices of the United Nations, and has a Secretariat located in Geneva, Switzerland. 2. The following sources of data were used to construct Figure 2 . The history of changes in US forest carbon stocks is modeled after a similar figure in Birdsey et al. (2006) : plotted data do not include below ground carbon; 1630 -1930 data and conversion factors are from Birdsey et al. (2006) , plotted data are 10-year averages; 1931-1961 data are interpolated; 1962-1987 data are from Birdsey and Heath (1995); and 1990 -2010 4. The following are notes on the data in Figure  3 . Although annual mortality is often expressed as a percentage of growing stock volume, mortality as a percentage of gross growth is a more useful health indicator (O'Laughlin 1996) because stands can be considered healthy when growth and mortality are appropriately balanced (Norris et al. 1993) . Missing from the literature are judgments on appropriate balance, which would vary by stand type and age. However, the mortality/growth rate depicted in Figure 3 is correlated to stand density (significant at the 0.01 level); thus, within any ownership class or region, higher mortality/growth rates can be attributed to denser stands (O'Laughlin and Cook 2003) .
